Summary:
21 Autism spectrum disorder (ASD) is strongly associated with de novo gene 22 mutations. One of the most commonly affected genes is SCN2A. ASD-associated 23 SCN2A mutations impair the encoded protein Na V 1.2, a sodium channel important for 24 action potential initiation and propagation in developing excitatory cortical neurons. The 25 link between an axonal sodium channel and ASD, a disorder typically attributed to 26 synaptic or transcriptional dysfunction, is unclear. Here, we show Na V 1.2 is 27 unexpectedly critical for dendritic excitability and synaptic function in mature pyramidal 28 neurons, in addition to regulating early developmental axonal excitability. Na V 1.2 loss 29 reduced action potential backpropagation into dendrites, impairing synaptic plasticity 30 and synaptic stability, even when Na V 1.2 expression was disrupted late in development. 31 Furthermore, we identified behavioral impairments in learning and sociability, paralleling 32 observations in children with SCN2A loss. These results reveal a novel dendritic 33 function for Na V 1.2, providing insight into cellular mechanisms likely underlying circuit 34 and behavioral dysfunction in ASD. found that Na V 1.2 expression was required throughout the somatodendritic 137 compartment, in equal levels with Na V 1.6 ( Fig. 2A-B, Fig. S4A-E) . In this configuration, 138 we modeled AP waveform throughout the dendritic arbor and found that 139 backpropagating APs (bAPs) from the AIS to the dendritic arbor were attenuated in a 140 distance dependent fashion. Though AP amplitudes were reduced only 10% in the 141 soma, they were attenuated to far greater extents in distal dendrites (41% becoming virtually absent in the most distal dendrites (Fig. 2C-D) . To determine whether 153 these effects were due to acute loss of Na V channels, rather than a consequence of 154 altered excitability during development, we partially blocked sodium channels in mature 155 WT neurons with tetrodotoxin (TTX), using a concentration that mimicked the reduced neurons that is likely due to loss of Na V 1.2 channels localized to the dendrite. (Fig. 3A-B, S5A-B ).
172
Lower mEPSC frequencies could reflect reductions in release probability or the 173 number of functional synapses contributing to AMPA-mediated mEPSCs. The paired 174 pulse ratio, which is sensitive to differences in release probability, was no different 175 between Scn2a +/-and WT cells (Fig. 3C, S5C-D) . By contrast, the ratio of AMPA-to 
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Consistent with these functional observations, synapse structure was also immature.
182
While overall dendritic morphology and spine density were unaltered in Scn2a +/-183 neurons, spines visualized on both the apical and basal dendrites were longer and had 184 smaller heads relative to their total head and neck volume (Fig. 4) Fig. 1, S2 ). This distinguishes Na V 1.2 from other Na V isoforms expressed in the mature 307 cortex that either support overall excitability in inhibitory neurons (Na V 1.1) or contribute whether region-specific impairments underlie behavioral deficits in a sex-specific 342 manner. 343 In conclusion, we found that haploinsufficiency induction at two different 344 developmental timepoints, both well after Na V 1.2 channels cease to contribute to AP 345 initiation, was sufficient to alter synaptic function (Fig. 3, 5 for other model configurations). Top model has Na V 1.2 in the proximal AIS, Na V 1.6 in the distal AIS, and Na V 1.2 398 and 1.6 equally co-expressed in the somatodendritic compartment. Note reduction in peak rising dV/dt. Bottom 399 model has Na V 1.2 in the proximal AIS only, with Na V 1.6 in the somatodendritic and distal AIS compartments. 400
Removal of half the Na V 1.2 channels results in only minor changes to AP phase-plane. Planells-Cases, R., Caprini, M., Zhang, J., Rockenstein, E.M., Rivera, R.R., Murre, C., Masliah, E., and De Rubeis, S., He, X., Goldberg, A.P., Poultney, C.S., Samocha, K., Ercument Cicek, A., Kou, Y., Liu, L., were assessed with steps from -90 to -50 mV only. A: Top, the peak rising phase dV/dt in cells expressing different ratios of Na V 1.2 vs Na V 1.6 in the somatodendritic 687 compartment in WT and Scn2a +/-conditions. Bottom, ratio of Scn2a +/-to WT peak dV/dt vs. ratio of Na V 1.2 vs 688 Na V 1.6 in the somatodendritic compartment. Larger relative reductions in peak dV/dt are observed in cases 689 where NaV1.2 dominates the somatodendritic Na V conductance. The ratio that best matches empirical 690 observations (dashed grey line) occurs when equal numbers of Na V 1.2 and Na V 1.6 are expressed in the 691 somatodendritic compartment. 692 B: Compartmental model of cortical layer 5 pyramidal cell where Na V 1.2 expression is restricted to the proximal AIS 693 and is co-expressed in equal levels with Na V 1.6 in the soma. In this model configuration, Na V 1.6 is the only 694 channel isoform in the dendrite. Note that both models resemble empirical observations, suggesting that 695 proximal AIS and somatic Na V 1.2 channel distributions largely influence phase plane shape recorded at the 696 soma. 697 C: Backpropagation of single spikes for conditions modeled in (B). AP waveform is shown at several points along 698 dendritic arbor, including the base of the apical tuft and the distal part of the apical tuft. No major differences are 699 observed in backpropagation when Na V 1.2 is only in the AIS and soma (right). Thus, while this model can 700 account for empirically observed differences in somatically recorded dV/dt, it cannot account for deficits in bAP 701 evoked dendritic Ca transients (Fig. 2) 
